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With increasing environmental concerns with respect to the petroleum-based adhesive production process,
bio-based adhesive has been explored as a promising replacement. The purpose of this paper was to explore
the economic feasibility of structural bio-adhesives made from glycerol, a byproduct of biodiesel production.
SuperPro Designer software was employed to perform the techno-economic analysis. Several key parameters
were analyzed, such as total capital investment, annual operating costs and revenues. It was found that the unit
production cost of structural bio-adhesives ($2.45/kg) was compatible with that in the current market. Three
different scenarios were built to investigate the worst-case scenario and the best-case scenario associated with
this production process. Sensitivity analysis was also performed to evaluate the key parameters significantly
influencing the economic result. In this study, material cost was determined to be the most significant factor
throughout the production process. Discounted cash flow analysis was conducted to explore the influence of
the time value of money. The minimum selling price obtained was $3.11/kg for this bioadhesive production
process. Underlying issues and areas needed for improvement were also discussed in this study.
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With increasing environmental concerns with respect to the petroleum-based adhesive 
production process, bio-based adhesive has been explored as a promising replacement. The 
purpose of this paper was to explore the economic feasibility of structural bio-adhesives made 
from glycerol, a byproduct of biodiesel production. SuperPro Designer software was employed 
to perform the techno-economic analysis. Several key parameters were analyzed, such as total 
capital investment, annual operating costs and revenues. It was found that the unit production 
cost of structural bio-adhesives ($2.45/kg) was compatible with that in the current market. 
Three different scenarios were built to investigate the worst-case scenario and the best-case 
scenario associated with this production process. Sensitivity analysis was also performed to 
evaluate the key parameters significantly influencing the economic result. In this study, 
material cost was determined to be the most significant factor throughout the production 
process. Discounted cash flow analysis was conducted to explore the influence of the time 
value of money. The minimum selling price obtained was $3.11/kg for this bioadhesive 
production process. Underlying issues and areas needed for improvement were also discussed 
in this study. 
Keywords
Techno-economic analysis; structural bio-adhesive; glycerol; sensitivity analysis; cash flow 
analysis. 
1. Introduction
The current global economy is highly dependent on crude oil processing since it provides 
many raw materials for manufacturing commercial products. As estimated by the U.S. Energy 
Information Administration (U.S. EIA), the average 2016 crude oil production in the lower U.S. 
48 states was 8.39 million barrels per day (1.33  109 L/d) (U.S. Energy Information 




processed into multiple products, e.g., plastics and binding agents (Nitzsche et al., 2016). 
However, because of the increasing environmental concerns and non-renewable characteristics 
of fossil fuels, numerous efforts have been made to reduce the dependency of petroleum 
production on the global economy (Bardhan et al., 2015).
Adhesives have been used for thousands of years with wide applications in fields like 
wood production, paper bonding, automotive, and aerospace. As reported by Grand View 
Research, the size of the worldwide industrial adhesive market was 9,400 kilotons (9.4  109 kg) 
in 2014 (Grand View Research, 2016), and it has been forecast by Freedonia that the U.S. 
demand for adhesive will increase by 2.8% each year until 2019, representing a value of U.S. 
$12.8 billion (The Freedonia Group, 2015). Adhesives can be categorized in many ways, e.g., on 
the form of cross-linked molecules; it can also be divided into thermosetting or thermoplastic 
categories. With respect to flexibility, adhesives can be divided into rigid or elastomeric 
categories. Another way to classify the adhesive is according to their loading capabilities, where 
they can be categorized as structural and non-structural (Petrie, 2000). 
Structural adhesive is one of the largest groups used in numerous industrial processes; it 
is normally employed in high-strength, permanent applications. As forecast by Markets and 
Markets, the global structural adhesive market will reach U.S. $12.74 billion by 2021 
(MarketsandMarkets, 2017). Typical resin families used in formulating structural adhesives 
include epoxy adhesive, resorcinol resin, urea formaldehyde resin, phenolic resin, polyesters, 
and modified acrylic adhesive, each with unique characteristics. 
Epoxy adhesive is the most widely used structural adhesive because it exhibits an 
excellent ratio of strength to weight (Yohanes and Sekiguchi, 2017). Such adhesives are 
probably the most versatile type because their modification process is relatively simple and, as 
a result, they can achieve widely varying properties (Petrie, 2000). According to Souza et al. 
(2018), with 30 – 40% epoxy-based adhesive, the panel wood production process generated 
less emissions to environment and human health. However, epoxy adhesives are vulnerable to 
moisture attack due to hydrophilic groups that may significantly degrade epoxy adhesive 




wood market, such as medium density fiberboard and particleboard manufacturing. The 
advantages of UF adhesive include low curing temperature and relatively low price. However, 
there are environmental concerns on free formaldehyde from UF adhesive. As Hun et al. (2010) 
suggested, wood with lower UF content could help to decrease chronic exposures in residence 
effectively. Modified acrylic adhesive has the advantage of rapid cure and high strength; it is 
often used in high-speed automated assembly operations (Petrie, 2000). This type of adhesive 
uses acrylate acid as a monomer for polymerization. 
In this study, the reversible addition-fragmentation chain transfer (RAFT) polymerization 
process was chosen. This process, first reported in the late 1990s, is one of the living radical 
polymerization (LRP) techniques, and also a free radical polymerization process. The best-
known characteristic of the LRP technique is that it can continue the polymerization process 
even when the initial feed is exhausted, so that it will not terminate the polymerization process 
(Semsarilar and Perrier, 2010). Over the past decades, the RAFT polymerization process has 
become one of the most popular techniques because of its versatile synthetic characteristics. 
For example, this process can be applied to most vinyl monomers, and can be compatible under 
a variety of conditions (Zhang et al., 2015). It has also been proven a useful technique for 
synthesizing hydrophilic polymers (Lowe and McCormick, 2007). 
The RAFT polymerization process can be carried out under environmental-friendly 
conditions, such as water-based solvent (Lowe and McCormick, 2007) and ionic liquids 
(Chakraborty et al., 2014). Moreover, the RAFT polymerization process can be applied to 
renewable resources, and both organic and inorganic renewable materials can be polymerized 
via RAFT polymerization (Boyer et al., 2009). However, a number of renewables being used to 
manufacturing products are in low supply, mostly because economic value is the main driving 
factor of industry, and renewables have found it difficult to achieve economic parity compared 
with petroleum goods (Hernández et al., 2014). In 2013, Cochran et al. broadened the RAFT 
polymerization application by creating novel thermoplastic homopolymer and block copolymers 




Techno-economic analysis (TEA) is a process modeling approach for simulating the 
production process in system level. TEA can be used to help making decisions on research and 
development investment; it can also be used in improving the process from technology 
perspective (Das et al., 2018). TEA includes both technical parameters and economic factors in 
project analysis (Chau et al., 2009). TEA starts with material and energy balance, and cost 
configuration is then conducted to assess a product’s economic feasibility. The literature on TEA 
has been extensively explored in the area of renewable energy in recent years; in the realm of 
biochemical production, however, TEA has seldomly been used yet for evaluating economic 
feasibility of biochemical production processes. 
This TEA study is focused on a novel production process for structural bio-adhesive 
developed by Iowa State University researchers. To the authors’ knowledge, no previous TEA 
work has been done on this unique bio-adhesive process. The main objectives of this study are 
to model the structural bio-adhesive (specifically modified acrylic bio-adhesive) production 
process and to evaluate the economic feasibility of this production process. The modeling 
process of the structural bio-adhesive will be described in the Methods section; the economic 
analysis results for the model, including overall economic performance, sensitivity testing, and 
discounted cash flow analysis, will be subsequently analyzed. Underlying issues associated with 
the production process will also be discussed. 
2. Methods
This section will describe the method of performing this TEA study, including the 
modeling approach, the economic analysis, the uncertainty analysis, and the discounted cash 
flow (DCF) analysis. The production process of the structural bio-adhesive was modeled using 
five scales: 1 t/d, 2 t/d, 5 t/d, 10 t/d, and 40 t/d. The largest scale 40 t/d was chosen based on a 
commercial resin production plant - Phoenix Equipment Corporation (Phoenix Equipment 
Corporation, 2017). 




SuperPro Designer v9.5 software (Intelligen, Inc., Cambridge, Massachusetts, USA) was 
used to perform computer modeling of the selected production process, and the data used in 
modeling the structural bio-adhesive production process were collected from Iowa State 
University (ISU) laboratory results. This structural bio-adhesive production process was 
modeled as a continuous process. A simplified flowchart of the overall structural bio-adhesive 
production process is depicted in Fig. 1.
The chosen production process begins with acrylic acid and bio-based glycerin from the 
biodiesel industry. Acrylated glycerin (AG) is produced through Fisher esterification of these 
two materials using the following equation, as shown in Fig. 2 (A), with Amberlyst 15 and 
phenothiazine (PTZ) adopted as catalysts during esterification. This process is conducted under 
room temperature (21C) and atmospheric pressure. The conversion yield is assumed to be 
95% based on lab results (unpublished data). 
Glycerol + Acrylic acid → Acrylated glycerol (AG) + Water                       
(1)
After the AG is produced, the RAFT polymerization process begins as a two-step process 
with the initial process producing AG monomer. The second step is to produce polymerized 
acrylated glycerin (PAG). As previously discussed, the RAFT agent or the chain transfer agent 
(CTA) is the most important component in the polymerization process. Fig. 2 (B) shows the 
materials used to produce the CTA. Ethanethiol is neutralized with potassium hydroxide (KOH) 
for 30 minutes, then carbon disulfide (CS2) is reacted with a pH neutral solution for 30 minutes, 
3-chloro-2-butanone is added afterward, and the mixture allowed to stir for 30 minutes. 
Acetone is used as the buffer solution during the CTA production, and is recycled for continuous 
production with a recycle rate of 97%. Potassium chloride (KCl) is produced as a byproduct of 
this process as shown in Eq. (2). The CTA is purified through the distillation column, and after 
purification, the CTA is reacted with AG and azobisisobutyronitrile (AIBN) to perform RAFT 
polymerization as shown in Eq. (3). The reaction proceeds at 70°C for 4 hours. PAG obtained 




the RAFT polymerization, water is added to precipitate the polymer. Overall conversion 
efficiency is assumed to be 99% based on lab results. 
Ethanethiol + Potassium hydroxide + Carbon disulfide + 3−chloro−2−butanone →
Chain transfer agent CTA) + Potassium chloride + Water                                              (
(2)
AG + CTA + AIBN → Polyacrylated glycerol (PAG) + Water                                            (3)
After the RAFT polymerization process, an initiator (4-cyanopentanoic acid) is added to 
produce the structural bio-adhesive preserved in liquid form. 
2.2 Economic analysis
The Association for the Advancement of Cost Engineering International (AACE 
International) has defined five types of estimates in terms of expected accuracy levels. This TEA 
research study is an order-of-magnitude estimate study, with an expected accuracy between 
+50% and -30% (Dysert and Christesen, 2016). Data from the Iowa State University’s laboratory 
research (currently unpublished), the literature, and technical reports have been used to 
estimate facility costs for this production pathway. The results from the SuperPro Designer v9.5 
computer model have been used in economic feasibility evaluation. 
Total capital investment (CTCI) can be broken down into three parts: direct fixed capital 
cost (CDFC), working capital (CW), and startup costs (CS). Working capital is the money invested in 
getting a plant into productive operation (Ulrich, 1984); Start-up costs are the costs to make the 
transition from construction to operation (Humphreys, 2004). It is assumed that this structural 
bio-adhesive production plant would be located in central Iowa. The construction time was set 
to 24 months, and the assumed start-up time was 6 months. The online time was assumed to 
be 329 days per year (7,896 hours per year), equivalent to a capacity factor of 90%, and the 
assumed plant life was 15 years. The assumptions for total capital cost investment (CTCI) are 
listed in Table 1. SuperPro Designer v9.5 software was employed to estimate the equipment 




chemical engineers (Peters et al., 2003) and Development of sustainable bioprocesses (Heinzle 
et al., 2006).
Total capital cost investment (CTCI) is calculated using the following equation:
                  CTCI = CDFC + CW + CS                                                         (4)
Annual operating cost (CAOC) is divided into four categories: materials cost (CM), utility 
cost (CU), labor cost (CL) and facilities cost (CF), and underlying economic assumptions are listed 
in Table 2. Material costs were obtained from retailer websites (Molbase, 2017). Electricity 
price was collected from the U.S. EIA electric power monthly report (U.S. Energy Information 
Administration, 2017b). The costs for steam and process water were gathered from the 
SuperPro Designer v9.5 software database. Operating labor cost was assumed at 20% of the 
annual operating cost (CAOC) (Peters et al., 2003), and supervisory labor cost was not considered 
in this study. Other assumptions were obtained from Plant design and economics for chemical 
engineers (Peters et al., 2003). Wastewater treatment process costs, research and development 
(R&D) costs, and distribution and marketing costs have not been considered. The depreciation 
method chosen in this study was the straight-line method, and the recovery period for the 
manufacture of chemicals and allied products was 9.5 years (Internal Revenue Service, 2017). 
The salvage value of the purchased equipment was assumed to be zero (Turton et al., 2012). 
Annual operating cost (CAOC) is calculated using the following equation.
                  CAOC = CM + CU + CL+ CF                                                        (5)
In this study, structural bio-adhesive, i.e., modified acrylic bio-adhesive, was the main 
product, and potassium chloride (KCl) served as the byproduct.  The selling price of modified 
acrylic bio-adhesive was obtained from the U.N. Comtrade Database (United Nations, 2016). 
The KCl selling price was obtained from the Index Mundi (2017). The gross profit, net profit, 
return on investment (ROI), payback time, and unit production cost were calculated by the 
following five equations.  




                     
                                       
                  Gross profit= Revenue – CAOC       (6)
 Net profit= Gross profit – Taxes + Depreciation (7)
 Return on investment (ROI) = Net profit / Total investment × 100   
(8)
Payback time  = Total investment / Net profit
(9)
 Unit production cost = Annual total investment / Annual amount (10)
Where payback time is in y.
2.3 Uncertainty analysis
Uncertainty analysis was performed to predict the economic factors’ influence on 
profitability. Scenario analysis is one way to quantify uncertainty, and when performing 
scenario analysis, the best-case scenario and the worst-case scenario are compared with the 
base-case scenario (Turton et al., 2012). In this study, a plant scale of 40 t/d was selected as the 
base-case scenario because it was the closest scale to actual industrial size. Three scenario 
analyses were performed in this study: 1) the total capital investment (CTCI) varying over the 
range between +50% and -30%; 2) the structural bio-adhesive selling price varying over the 
range of ± 50%; 3) the comparison of glycerol sources, one from a biodiesel product plant, the 
other from a petroleum refinery. The second method for performing uncertainty analysis is 




by input variable variation (Saltelli et al., 2008). In this study, several variables, such as 
materials cost and labor cost, were chosen based on their potential impact on product value. 
2.4 Discounted cash flow (DCF) analysis
Discounted cash flow analysis was carried out by considering the time value of money. 
All cost results in this study, including the equipment cost and raw materials price, are 
presented in 2016 U.S. dollars. The discount rate was set as 10%, a commonly-used value in the 
literatures (Li et al., 2015; Swanson et al., 2010), and the assumed plant life was 15 years. The 
assumed federal income tax rate was 40% (SmartAsset, 2017). The minimum selling price (MSP) 
for the structural bio-adhesive was calculated by setting net present value (NPV) to zero.   
3. Results and discussion
A techno-economic analysis (TEA) of the production of structural bio-adhesive from 
glycerol was conducted in this study. The results include economic analysis, sensitivity analysis 
of critical factors, and a discounted cash flow analysis in terms of the economic indicators. 
3.1 Economic analysis results
Total capital investments, annual operating cost, gross profit, and unit production cost 
are shown in Table 3. Not surprisingly, a larger plant scale requires higher total capital 
investment and higher annual operating cost, and in turn can provide higher gross profit and 
lower unit production cost. The capital expenditures for the largest plant scale (40 t/d) were 
estimated to be U.S. $59 million. As discussed in Methods, the total capital investment (CTCI) is 
composed of three major parts: direct fixed capital cost, working capital, and start-up cost. By 
breaking down the total capital investment (CTCI), we found that the purchased equipment cost 
was nearly 10% of the CTCI, occupying the largest part in the direct fixed capital cost (CDFC) for all 
five scales. The annual operating cost (CAOC) is composed of material cost, utilities cost, labor 




raw materials marketing price are used to calculate the CAOC. Fig. 3 illustrates that the material 
cost was the largest cost component in all five scales. This is consistent with most of the TEA 
results that raw materials frequently are the largest operating cost. The unit production cost 
($/kg) of bio-adhesives for the five scales are shown in Fig. 4. In accordance with expectation, 
increasing plant scale will result in decreasing unit production cost. The lowest unit cost for bio-
adhesive obtained in this study was $2.45/kg in the 40 t/d plant, and the payback time was 3.5 
years. The trend line from the smallest plant to the largest one follows Eq. (11) with R2= 0.95: 
 Unit production cost  = 13.85 × Plant scale -0.52 (11)
where unit production cost is in $/kg, and plant scale is in t/d.
The lowest unit cost calculated in this study was slightly lower than the current trading 
marketing price (United Nations, 2016); this could possibly be explained by the fact that the 
system boundary in this study was gate-to-gate, which means upstream and downstream 
processing costs were not used to calculate the unit production cost. 
3.2 Scenario analysis results
3.2.1 Scenario analysis on total capital investment (CTCI)
As mentioned in Methods, the uncertainty in this study ranges from +50% to -30%., as 
largely reflected in the total capital investment (CTCI). Fig. 5 exhibits the three scenarios when 
altering CTCI. . In the best-case scenario (-30%), the unit production cost of bio-adhesive was 
$2.33/kg with a net profit of U.S. $17 million, while in the worst-case scenario (+50%), the unit 
production cost was $2.64/kg with a net profit of U.S. $16.1 million. The difference in unit 
production cost between best-case scenario and the worst-case scenario was 11.74%. In terms 
of net profit and gross profit, the changes in CTCI  had little influence (less than 6%). 
3.2.2 Scenario analysis on glycerol sources
Glycerol is one of the most critical raw materials in building polymer. In this study, 




polymer production operations, glycerol is obtained from crude oil due to its low price when 
obtained from that source ($0.20/kg vs. $1.04/kg) (Landress, 2014). Fig. 6 compares the two 
scenarios for various glycerol sources. As observed in this figure, the unit production cost from 
crude oil was $1.74/kg, 28.98% lower than from vegetable oil. However, when considering the 
environmental impact of these two glycerol production pathways, there was a 34.5% reduction 
in greenhouse gas emissions in the biodiesel production pathway compared to that of the 
petroleum production pathway (Sheehan et al., 1998). Even though the unit production cost 
was lower in the crude oil pathway, its influence on the environment was much larger. 
3.2.3 Scenario analysis on bio-adhesive selling price
Prices for structural bio-adhesives vary widely depending on application. In this study, 
the base-case scenario of the selling price of bio-adhesive based on the U.N. commodity data 
was chosen, resulting in a range of worst-case scenario and the best-case scenario within ±50%. 
As shown in Fig. 7, in the worst-case scenario (-50%), both the gross profit and net profit are 
negative, indicating that no profit could be achieved when the market selling price was at 
$2.0/kg or below, while in the best-case scenario (+50%), the gross profit and net profit 
doubled when compared with the base-case scenario. In addition, the payback time in the best-
case scenario decreased from 3.5 years to 1.7 years. 
3.3 Sensitivity analysis results
As illustrated in Fig. 8, the material cost was the most sensitive variable in terms of the 
unit production cost among all input variables. This implies that material cost drives the 
structural bio-adhesive production process developed in this study. By exploring the raw 
materials used in this research, it was found that the price of glycerol, acrylic acid, and catalyst 
are the most sensitive factors, and changes in any of these three materials will result in changes 
in the final product price (from $2.36/kg to $2.53/kg). Capital cost was another important 
variable due to the uncertainty associated with the study. As discussed in previous scenario 




the final product price, followed by working capital and startup cost. Except for material cost 
and capital cost, we found that labor cost was also quite critical in this study, suggesting that if 
administrative cost and supervisory cost are considered, the final product price may increase to 
$2.50/kg. 
3.4 Discount cash flow (DCF) analysis 
Fig. 9 depicts the cumulative discounted after-tax cash flow of the 40 t/d structural bio-
adhesive production plant under various discount rates (i). If the time value of money was 
considered, the net present value (NPV) decreased from U.S. $187.7 million to U.S. $46.8 
million at the end of the project (i = 10%). With a higher discount rate, the NPV decreased 
accordingly (NPV= U.S. $18.8 million when i = 15%). The internal rate of return (IRR) was 17.87% 
as calculated, so this project was deemed acceptable because the IRR was larger than the 
discount rate (10%, as assumed in Methods). In addition, if NPV was zero and the price of the 
structural bio-adhesive was varied, the minimum selling price (MSP) was determined to be 
$3.11/kg when the discount rate was 10%. 
4. Conclusions
In this study, techno-economic analysis (TEA) was conducted to investigate the 
economic feasibility of a structural bio-adhesive production process. Five plant scales were 
explored using SuperPro Designer v9.5 software and, as expected, larger plant scales will 
increase the total capital investment and annual operating cost, even though the unit 
production cost will decrease. The lowest unit production cost obtained in this study was 
$2.45/kg for a plant scale of 40 t/d. Increasing uncertainty in the scenarios associated with the 
study will have some influence on unit production cost, but less on the net profit side. If crude-
oil glycerol replaces biobased glycerol, unit production cost may reduce, but the associated 
environmental impact of the crude oil refinery process could significantly increase. We also 




economic factors. Sensitivity analysis was carried to determine the most sensitive variable with 
respect to product value, and this analysis indicated that the structural bio-adhesive production 
process is a material-driven process. Furthermore, the minimum selling price (MSP) of the 
structural bio-adhesive determined to be $3.11/kg when discount rate equals 10%. 
Given the uncertainty associated with the study, a more detailed project analysis could 
be conducted to further explore the economic performance of the structural bio-adhesive 
market. 
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Figure 1. (A) Simplified overall flowchart of the structural bio-adhesive production process.  Detailed flowchart for 
(B) acrylated glycerin (AG) production process, and (C) chain transfer agent (CTA) production process.
Figure 2.  Examples of detailed material and energy balances for the SuperPro model.
Figure 3. Annual operating cost ($) of bio-adhesives in different scales.
Figure 4. Unit production cost ($/kg) of bio-adhesives in different scales.
Figure 5. Scenario analysis results of the total capital investment (CTCI).
Figure 6. Scenario analysis results of the glycerol sources (AOC: annual operating cost).
Figure 7. Scenario analysis results of the bio-adhesive selling price.
Figure 8. Sensitivity analysis of the 40 t/d structural bio-adhesives production plant.
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Fig. 2.  




Steam (High P) 0.00
Chilled Water kg/yr
Polymer Production 345,316,255.16
CTA production process 159,610.24
TOTAL 345,475,865.41
Cooling Water kg/yr




AG production process 2,095,250.47
CTA production process 12,498.69
KCl purification 175.63
TOTAL 5,077,629.09
Steam (High P) kg/yr
TOTAL 0.00
Chilled Water kg/yr
R-106 : P-42 345,316,255.16
Section Total 345,316,255.16
R-101 : P-10 368.17
R-102 : P-14 720.35
R-103 : P-18 146.24




C-102 : P-23 1,684.69




R-105 : P-38 2,969,704.31
Section Total 2,969,704.31
R-104 : P-34 300,845.04
EV-101 : P-35 1,794,405.43
Section Total 2,095,250.47
C-102 : P-23 180.58
C-103 : P-25 1,417.56
HX-101 : P-21 10,900.55
Section Total 12,498.69
EV-102 : P-46 175.63
Section Total 175.63
TOTAL 5,077,629.09




























































1.1 Heat Transfer Agent Demand






AG production process 6,299.98
CTA production process 0.71
TOTAL 35,343.30
Std Power kW-h/yr
R-105 : P-38 10,232.61




PM-112 : P-26 311.96
PM-113 : P-30 311.96
PM-114 : P-31 293.74
PM-115 : P-33 293.74




PM-101 : P-1 0.01
PM-102 : P-3 0.01
PM-103 : P-4 0.02
PM-104 : P-6 0.02
PM-105 : P-7 0.01
PM-106 : P-9 0.01
R-101 : P-10 0.02
PM-107 : P-11 0.02
PM-108 : P-13 0.02
R-102 : P-14 0.04
PM-109 : P-15 0.03
PM-110 : P-17 0.03
R-103 : P-18 0.06

































































TOTAL - - - 14,346,063 0.43 100.00
0.00 35,204,400 kg 0 0.00 0.00
11.30 76 kg 854 0.00 0.01
1.05 440 kg 463 0.00 0.00
0.61 9,890,160 kg 6,052,778 0.18 42.19
5.48 487 kg 2,672 0.00 0.02
1.37 605 kg 829 0.00 0.01
104.00 462 kg 48,048 0.00 0.33
5.81 386 kg 2,243 0.00 0.02
565.00 2,201 kg 1,243,452 0.04 8.67
0.90 7,739,029 kg 6,965,126 0.21 48.55
0.10 160 kg 17 0.00 0.00
35.22 840 kg 29,581 0.00 0.21










Phenothiazine 75.60 0.01 0.00
Water 35,204,400.00 4,191.00 1.06
Glycerol 9,890,160.00 1,177.40 0.30
KOH 440.16 0.05 0.00
Carb. Disulfide 604.80 0.07 0.00
Ethanethiol 487.20 0.06 0.00
AIBN 386.40 0.05 0.00
Amberlyst 15 462.00 0.06 0.00
Acrylic Acid 7,739,029.20 921.31 0.23
ACVA 2,200.80 0.26 0.00
3-chloro-2-buta 840.00 0.10 0.00
Acetone 159.60 0.02 0.00
1.1 Material Consumption
Material kg/yr kg/h kg/kg MP
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Fig. 3. 























































































































































































































2.2 2.25 2.3 2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7
Start-up cost (-30%, 0, 50%)
Working capital (-30%, 0, 50%)
Catalyst price (-10%, 0, 10%)
Labor cost (-10%, 0, 10%)
Acrylic acid price (-10%, 0, 10%)
Glycerol price(-10%, 0, 10%)
Total capital investment (-30%, 0, 50%)
Materials cost(-10%, 0, 10%)



























Table 1. Assumptions used to model the total capital cost investment (CTCI).
Parameters Assumptions Sources
1. Direct fixed capital cost (CDFC) CDC + CIC + COC
1) Direct cost (CDC)
Equipment purchase cost (CPC) SuperPro Designer database
Piping 0.68 × CPC Peters et al., 2003
Instrumentation 0.50 × CPC Peters et al., 2003
Insulation 0.03 × CPC Peters et al., 2003
Electrical facilities 0.30 × CPC Peters et al., 2003
Building 0.45 × CPC Peters et al., 2003
Yard improvement 0.20 × CPC Peters et al., 2003
Auxiliary facilities 0.55 × CPC Peters et al., 2003
Installation 0.55 × CPC Peters et al., 2003
Land 0.08 × CPC Peters et al., 2003
2) Indirect cost (CIC)
Engineering 0.30 × CDC Heinzle et al., 2006
Construction 0.35 × CDC Heinzle et al., 2006
3) Other cost (COC)
Contractor’s fee 0.06 × (CDC + CIC) Peters et al., 2003
Contingency 0.08 × (CDC + CIC) Peters et al., 2003
2. Working capital (CW) 0.15 × CDFC Ulrich, 1984
3. Start-up and validation cost (CS) 0.10 × CDFC Peters et al., 2003
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Table 2. Assumptions used to model the annual operating cost (CAOC).
Parameters Assumptions Sources
1. Materials cost (CM)
Glycerol 1.04 $/kg Landress, 2014
Acrylic acid 0.90 $/kg Molbase, 2017
Phenothazine (PTZ) 11.30 $/kg Molbase, 2017
Amberlyst 15 104.00 $/kg Molbase, 2017
Ethanethiol 5.48 $/kg Molbase, 2017
Carbon disulfide 1.37 $/kg Molbase, 2017
3-chloro-2-butanone 35.22 $/kg Molbase, 2017
Acetone 0.10 $/kg Molbase, 2017
 Azobisisobutyronitrile (AIBN) 5.81 $/kg Molbase, 2017
4, 4’- Azobis 565.00 $/kg Molbase, 2017
Potassium hydroxide (KOH) 1.05 $/kg Molbase, 2017
2. Utilities cost (CU)
Electricity 5.08 /kWh¢ EIA, 2017
Steam 12.00 $/t
Process Water 0.05 $/t
SuperPro Designer database
3. Labor cost (CL) Peters et al., 2003
4. Facility cost (CF)
Maintenance 0.02 × CPC Peters et al., 2003
Depreciation Straight-line method Internal Revenue Servive, 2017
Insurance 0.01 × CDFC Peters et al., 2003
Tax 0.02 × CDFC Peters et al., 2003
Plant overhead 0.50 × CL Peters et al., 2003
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Table 3. Economic analysis results of the five scales.
Scale
(t/d)
Total capital investment 
($)




Unit Production Cost 
($/kg)
1 44,603,777 2,947,564 - 1,524,070 16.07
2   46,395,406 4,119,713 - 220,953 9.79
5 49,068,072 6,056,652    1,291,697  5.06
10 51,354,874 9,830,619   4,908,613  3.60
40 59,032,599 32,137,092 26,825,308  2.45
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 A techno-economic analysis was conducted on glycerol-based structural bioadhesive. 
 Material cost was determined as the most sensitive parameter in the process. 
 Minimum selling price of the structural bioadhesive was determined to be $3.11/kg. 
